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Supramolecular  Electrostatic  Nanoassemblies  for  Bacterial  Forensics 

Aidee  Duarte, [a]  Morris  Slutsky,1 [c]  Grady  Hanrahan,*[b]  Charlene  M.  Mello,*[c]  and 

Guillermo  C.  Bazan*[a] 


Microbial  detection  and  identification  are  relevant  to 
medicine,  biosecurity,  and  the  supply  of  food  and  water. [1] 
Recent  infections  with  enterohaemorrhagic  Escherichia  coli 
{E.  coli )[2]  highlight  the  need  to  quickly  identify  the  origin  of 
the  pathogen  and  thereby  minimize  the  impact  of  the  out¬ 
break.  Tracking  pathogens  by  their  source  and  environmen¬ 
tal  history  through  genetic,  proteomic,  and  traditional  mi¬ 
crobiological  techniques  is  known  as  microbial  forensics. [3] 
The  growth  medium,  temperature,  pH,  and  related  factors 
affect  the  membrane  lipid  composition  of  a  variety  of  mi¬ 
crobes.^  For  example,  lipopolysaccharide  (LPS)  variations 
have  been  observed  for  pathogens  such  as  Salmonella 
anatum}5]  E.  coli  0157:H7,[6]  and  Yersinia  pestis. [7]  Protein 
expression  also  changes  with  temperature, [8]  and  modern 
proteomic  techniques  have  explored  this  relationship.^  The 
techniques  described  above  are  useful  for  understanding  de¬ 
tailed  adaptations  under  various  growth  conditions ;  however 
they  are  not  amenable  to  rapid  diagnostic  assays  as  they 
generally  require  sophisticated,  non-portable  equipment  and 
may  involve  time-consuming  sample  preparation.  Simpler 
methods  of  relevance  to  microbial  forensics  are  therefore 
desired. 

Arrays  of  fluorescent  electrostatic  aggregates  have  been 
used  to  identify  proteins[10]  and  bacteria. [11]  This  method  em¬ 
ploys  a  cationic  conjugated  oligomer  (FPF)  and  fluorescein- 
labeled  single-stranded  DNAs  (ssDNAx-FAM,  in  which  x  = 
1-5,  see  Figure  1 A  for  molecular  structures).  Electrostatic 
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Figure  1.  Self-assembly  of  electrostatic  nanoassemblies  and  their  interac¬ 
tion  with  a  target,  a)  Combination  of  FPF  and  ssDNAx-FAM.  b)  Genera¬ 
tion  of  the  nanoassemblies,  c)  Non-specific  interaction  with  an  analyte, 
d)  PL  spectrum  of  the  pure  nanoassemblies  (black)  and  the  modified 
spectrum  after  the  introduction  of  the  target,  that  is  protein,  cell 
(orange).  Excitation  7  =  336  nm.  Drawing  is  not  to  scale. 

interactions  spontaneously  bring  together  the  two  oppositely 
charged  molecules  forming  FPF/ssDNA^-FAM  nanoscale  ag¬ 
gregates  (Figure  IB). [12]  The  optical  properties  of  the  two 
partners  are  such  that  excitation  of  FPF  is  followed  by  For¬ 
ster  resonance  energy  transfer  (FRET)  to  FAM.  Addition  of 
an  analyte  alters  the  non-specific  interactions  in  the  FPF/ 
ssDNA^-FAM  nanoassemblies  (Figure  1 C).  Such  interac¬ 
tions  modify  the  FPF-FAM  distances,  and  give  rise  to  per¬ 
turbations  in  the  photoluminescence  (PL)  spectra  (Fig¬ 
ure  ID).  The  collective  differential  responses  from  the  FPF/ 
ssDNA^-FAM  array  provide  a  unique  signature  for  the  an¬ 
alyte. 

Bunz  and  Rotello  have  similarly  used  arrays  of  gold  nano¬ 
particle-conjugated  polymer  sensors[13]  to  detect  and  identify 
proteins, [14]  bacteria, [15]  or  mammalian  normal  and  cancerous 
cells. [16,17]  Three  strains  of  E.  coli  were  clearly  distinguished, 
suggesting  the  possibility  of  differentiating  similar  biochemi¬ 
cal  landscapes. [18] 

We  therefore  hypothesized  that  the  structural  changes  in¬ 
duced  by  the  selection  of  growth  conditions,  in  conjunction 
with  the  detection  method  in  Figure  1,  could  be  applied 
within  the  context  of  bacterial  forensics.  Additionally,  novel 
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computational  techniques  were  employed  to  examine  the  in¬ 
fluence  of  experimental  variables  on  the  differential  re¬ 
sponse  to  cells  prepared  under  different  growth  conditions. 
As  an  initial  objective  we  optimized  the  nanoassembly  con¬ 
ditions  by  focusing  on  the  FPF/ssDNA2-FAM  response 
toward  E.  coli  K12  cells  grown  in  Luria  broth  (LB)  at  37  °C. 
Experimental  conditions  previously  used  to  differentiate  be¬ 
tween  bacterial  species[11]  were  used  as  the  starting  point 
and  values  above  and  below  were  explored  (Table  1).  The 


Table  1.  Experimental  variables  and  ranges  investigated  and  optimized 
for  differential  response. 


Buffer 

concentration  [mM] 

Charge  ratio 

«+/- 

FPF 

concentration  [|xm] 

3 

0.7 

1 

7 

1.0 

3 

12 

1.5 

5 

17 

2.0 

7 

21 

2.3 

9 

charge  ratio,  R+/ _,  was  calculated  by  dividing  the  total 
number  of  positive  charges  from  FPF  by  the  total  number 
of  negative  charges  from  ssDNA2-FAM.  The  spectral  re¬ 
sponse  was  quantified  as  d,  as  described  by  Equation  (1): 


d  = 


ffbac  . 

Bo  +  Gbac 


a) 


in  which  B0  and  Bhac  are  the  integrated  spectra  between  370 
and  450  nm  and  G0  and  Gbac  are  the  integrated  spectra  be¬ 
tween  500  and  590  nm  for  the  control  probe  (OD600  =  0)  and 
in  the  presence  of  the  bacteria  (OD600  =  0.05),  respectively. 
A  normalized  bacterial  optical  density  was  employed  to 
focus  on  the  differences  among  the  cells  grown  under  vari¬ 
ous  conditions. 

A  central  composite  experimental  design[19]  was  first  em¬ 
ployed  to  correlate  the  conditions  in  Table  1  with  experi¬ 
mentally  determined  d  values  and  determine  variable  signif¬ 
icance.  The  latter  was  determined  by  using  the  significance 
probability  for  the  F-ratio  (Prob>F),  which  is  the  ratio  of 
the  mean  square  for  the  variable  divided  by  the  mean 
square  for  the  model  error  as  extracted  from  the  analysis  of 
variance  (AN OVA).  Prob>F  values  less  than  0.05  for  a  var¬ 
iable  imply  significant  influence  on  the  response.  This  analy¬ 
sis  revealed  that  [FPF]  and  R+/_  were  the  main  significant 
variables  influencing  d ,  with  Prob>F  values  <0.001  and 
0.0266,  respectively.  A  hybrid,  computational  neural  net¬ 
work  model  was  subsequently  employed  to  predict  optimal 
experimental  conditions  using  the  d  response  as  input  (see 
Figure  SI  in  the  Supporting  Information).  Neural  networks 
have  proved  valuable  for  efficient  modeling  of  experimental 
variables  and  complex  datasets. [20]  This  analysis  focused  on 
maximizing  differentiating  capability  and  led  to  the  follow¬ 
ing  optimal  conditions:  10.5  mM  phosphate  buffer,  F+/_  = 
1.31,  and  [FPF]  =  4.63  pM. 

The  five  nanoassemblies  were  then  incorporated  with  the 
anticipation  of  differentiating  E.  coli  K12  grown  at  37  °C  in 


three  different  growth  media:  Luria  broth  (K12LB),  LB 
agar  (K12AG),  and  nutrient  broth  (K12NB).  Thus,  PL  spec¬ 
tra  were  obtained  with  FPF/ssDNA^-FAM  (x  =  l-5)  using 
the  optimal  conditions  described  above  and  the  d  values 
were  calculated.  The  resulting  patterns  were  subjected  to 
linear  discriminant  analysis  and  the  canonical  score  plots  are 
given  in  Figure  2.  The  test  conditions  originally  reported[11] 


Factor  1  (98.6%) 


Factor  1  (97.4%) 


Figure  2.  Canonical  score  plot  for  the  identification  of  E.  coli  K12  growth 
conditions  obtained  by  using  an  array  FPF/ssDNAx-FAM  (x  =  1-5)  nano¬ 
assemblies.  a)  Using  original  conditions:  10.0  mM  phosphate  buffer, 
R+/_  =  1.20,  and  [FPF]  =  4.00  |xm.  b)  Using  optimized  conditions:  10.5  mM 
phosphate  buffer,  R+/  =  1.31,  and  [FPF]  =4.63  jim.  Ellipses  represent 
prediction  95  %  confidence  limits. 


had  overlapping  95  %  prediction  ellipses  for  cells  cultured  in 
LB  and  nutrient  broth  (Figure  2  A).  One  finds  that  the  opti¬ 
mized  experimental  conditions  allow  distinction  of  the  three 
growth  conditions  with  no  overlapping  95  %  prediction  ellip¬ 
ses  (Figure  2  B).  The  smallest  squared  distance  between  a 
point  and  the  nearest  ellipse  of  another  group  improved 
from  6  to  1117,  a  186-fold  increase. 

Having  established  that  the  experimental  conditions  gen¬ 
erated  by  the  neural  network  model  improved  differentia¬ 
tion,  we  turned  our  attention  to  a  broader  range  of  growth 
conditions.  Specifically,  E.  coli  K12  was  cultured  on  LB  agar 
at  37  °C  (K12AG),  in  Luria  broth  at  25  °C  (K12LB25),  37  °C 
(K12LB),  42  °C  (K12LB42),  and  in  nutrient  broth  at  37  °C 
(K12NB).  PL  spectra  for  each  of  the  FPF/ssDNA^-FAM 
(x  =  l-5)  nanoassemblies  are  shaded  black  in  Figure  3.  Upon 
E.  coli  K12  introduction,  the  spectral  profiles  were  uniquely 
perturbed  depending  on  the  media  and  temperature  of 
growth,  leading  to  distinct  PL  characteristics  with  each  of 
the  assemblies. 
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—  Control 

—  K12AG 

—  K12LB25 

—  K12LB 

-  K12LB42 

- K12NB 


a) 


Figure  3.  Photoluminescence  spectra  of  FPF/ssDNAx-FAM  (x  =  l-5) 
nanoassemblies.  Traces  in  black  correspond  to  control  experiments,  that 
is  OD600  =  0.  The  modified  PL  spectra  after  the  introduction  of  E.  coli 
K12,  OD600  =  0.05.  Excitation  2  =  336  nm.  Conditions:  10.5  mM  phosphate 
buffer,  R+/_  =  1.31,  and  [FPF]=4.63  pM. 


K12AG  K12LB  K12LB25  K12LB42  K12NB 


b) 
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Figure  4.  Array  identification  of  E.  coli  K12  growth  conditions,  a)  Re¬ 
sponse  pattern  for  E.  coli  K12,  OD600  =  0.05,  in  which  B  and  G  represent 
BhJBQ,  Go/Gbac,  respectively,  and  the  number  corresponds  to  x  in  FPF/ 
ssDNAx-FAM.  Error  bars  represent  the  standard  deviation  of  the  data, 
b)  Canonical  score  plot  of  the  response  pattern.  Ellipses  represent  the 
prediction  95%  confidence  limits.  Conditions:  10.5  mM  phosphate  buffer, 
R+/  =  1.31,  and  [FPF]  =4.63  \m. 


Canonical  score  plots  obtained  from  the  PL  spectra  in 
Figure  3  that  used  the  d  response  as  in  Equation  (1)  failed 
to  be  sufficiently  different  for  achieving  differentiation.  The 
blue  and  green  spectral  components  were  therefore  separat¬ 
ed  to  generate  a  more  complex  ten-component  response 
pattern  (Figure  4  A).  Figure  4 B  shows  the  corresponding 
canonical  score  plot.  Bacterial  classifications  were  made  on 
the  basis  of  the  shortest  Mahalanobis  distances  from  each 
point  to  the  multivariate  mean  of  each  class. [16]  Canonical 
factor  variables  1-4  contained  81.0,  11.4,  6.9,  and  0.7%  of 
the  variability,  respectively.  In  the  canonical  score  plot,  a 
distinction  was  present  between  the  cells  cultured  in  LB 
media  at  25  °C,  LB  media  at  37  °C,  and  nutrient  broth  at 
37  °C,  whereas  the  confidence  ellipses  of  cells  cultured  on 
LB  agar  at  37  °C  and  LB  media  at  42  °C  overlapped.  Out  of 
the  30  experimental  points,  26  were  correctly  characterized. 
The  array  of  nanoassemblies  were  able  to  clearly  identify 
cells  cultured  in  three  different  growth  conditions,  while  it 
failed  to  distinguish  cells  grown  on  LB  agar  at  37  °C  and  in 
LB  at  42  °C. 

The  nanoassembly  array  platform  was  next  challenged 
with  a  different  strain,  the  food  pathogen  E.  coli  0157:H7. 
These  experiments  were  performed  in  a  different  laboratory 
at  a  different  University  from  those  described  for  E.  coli 
K12  to  demonstrate  reproducibility.  Figure  5  A  shows  the 
ten  component  response  pattern  for  E.  coli  0157:H7  cul¬ 


tured  on  LB  agar  plates  at  37  °C  (0157AG),  in  Luria  broth 
at  25  °C  (0157LB25),  37  °C  (0157LB),  42  °C  (0157LB42), 
and  in  nutrient  broth  at  37  °C  (0157NB).  Figure  5B  presents 
the  resulting  canonical  score  plot.  Canonical  factor  variables 
1-4  for  the  classification  contained  50.9,  38.7,  10.0,  and 
0.4%  of  the  variability,  respectively.  The  E.coli  0157:H7 
bacteria  groups  showed  distinct  clusters  in  the  canonical 
score  plot  with  the  exception  of  LB -grown  and  nutrient 
broth-grown  cells  at  37  °C  for  which  the  95  %  prediction  el¬ 
lipses  overlapped.  All  of  the  E.  coli  0157:H7  growth  condi¬ 
tions  were  correctly  classified.  Furthermore,  each  of  these 
measurements  included  two  independently  grown  cell  batch¬ 
es  for  each  growth  condition.  Substantial  overlap  between 
95%  confidence  ellipses  of  each  growth  condition  was  ob¬ 
served  (Figure  S2  in  the  Supporting  Information).  This  set 
of  results  indicates  that  the  spectral  response  of  the  FPF/ 
ssDNA^-FAM  assemblies  reproducibly  reports  on  the 
growth  conditions  of  the  bacteria. 

To  summarize,  simple  to  prepare  electrostatic  nanoassem¬ 
blies  that  comprise  the  conjugated  oligoelectrolyte  FPF  and 
FAM-labeled  ssDNA  have  sufficiently  different  structural 
attributes  and  spectral  responses  for  obtaining  information 
on  the  growth  characteristics  of  bacteria.  The  data  in 
Figure  4  and  5  validate  that  it  is  possible  to  use  the  compo¬ 
site  array  response  of  the  nanoassemblies  to  define  profiles 
that  are  characteristic  to  the  history  of  the  microbe.  This 
work  also  demonstrates  the  importance  of  optimizing  the 
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Figure  5.  Array  identification  of  E.coli  0157:H7,  ODeoo  =  0.05,  grown 
under  different  conditions,  a)  Response  pattern  in  which  B  and  G  repre¬ 
sent  BhJB0,  G0/Gbac,  respectively,  and  the  number  corresponds  to  x  in 
FPF/ssDNAx-FAM.  Error  bars  represent  the  standard  deviation  of  the 
data,  b)  Canonical  score  plot  of  the  response  pattern.  Ellipses  represent 
the  prediction  95%  confidence  limits.  Conditions:  10.5  mM  phosphate 
buffer,  R+/_  =  1.31,  and  [FPF]=4.63  pM. 


differentiation  conditions  and  the  utility  of  neural  networks 
for  achieving  this  goal  without  the  need  to  examine  all  pos¬ 
sible  conditions  experimentally.  It  is  also  worth  highlighting 
that  the  work  has  been  carried  out  in  two  independent  labo¬ 
ratories  to  demonstrate  the  reproducibility  of  the  results.  Al¬ 
together,  these  findings  demonstrate  a  simple  to  use  meth¬ 
odology  whereby  supramolecular  optical  systems  with  slight¬ 
ly  different  structural  attributes  can  be  used  as  a  new  tool  in 
bacterial  forensics. 
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